We present a comprehensive study of the evolution of the nematic electronic structure of FeSe using high resolution angle-resolved photoemission spectroscopy (ARPES), quantum oscillations in the normal state and elastoresistance measurements. Our high resolution ARPES allows us to track the Fermi surface deformation from four-fold to two-fold symmetry across the structural transition at ∼ 87 K which is stabilized as a result of the dramatic splitting of bands associated with dxz and dyz character in the presence of strong electronic interactions. The low temperature Fermi surface is that of a compensated metal consisting of one hole and two electron bands and is fully determined by combining the knowledge from ARPES and quantum oscillations. A manifestation of the nematic state is the significant increase in the nematic susceptibility approaching the structural transition that we detect from our elastoresistance measurements on FeSe. The dramatic changes in electronic structure cannot be explained by the small lattice effects and, in the absence of magnetic fluctuations above the structural transition, point clearly towards an electronically driven transition in FeSe, stabilized by orbital-charge ordering.
We present a comprehensive study of the evolution of the nematic electronic structure of FeSe using high resolution angle-resolved photoemission spectroscopy (ARPES), quantum oscillations in the normal state and elastoresistance measurements. Our high resolution ARPES allows us to track the Fermi surface deformation from four-fold to two-fold symmetry across the structural transition at ∼ 87 K which is stabilized as a result of the dramatic splitting of bands associated with dxz and dyz character in the presence of strong electronic interactions. The low temperature Fermi surface is that of a compensated metal consisting of one hole and two electron bands and is fully determined by combining the knowledge from ARPES and quantum oscillations. A manifestation of the nematic state is the significant increase in the nematic susceptibility approaching the structural transition that we detect from our elastoresistance measurements on FeSe. The dramatic changes in electronic structure cannot be explained by the small lattice effects and, in the absence of magnetic fluctuations above the structural transition, point clearly towards an electronically driven transition in FeSe, stabilized by orbital-charge ordering.
A nematic state is a form of electronic order which breaks the rotational symmetries without changing the translational symmetry of the lattice, and this state may play an important role in understanding high temperature superconductivity. There has been great interest in determining such electron nematic states [1] , most recently in iron-based superconductors [2] . Several scenarios have been proposed to explain the observed nematicity based on phonon-driven and electronicallydriven tetragonal symmetry breaking. As the lattice effects are very small and such a state is found in close proximity to a magnetic state, it has been suggested that the nematicity is generated by spin fluctuations and is a precursor of the incipient antiferromagnetic state [2] . Other models emphasizes the tendency towards orbital order for the Fe d electrons in different local environments, resulting in the development of unequal occupancy of d xz and d yz orbitals which drives the symmetry-breaking, and the magnetism is stabilized as a consequence [3] . Electronic nematic order can be revealed through its strongly anisotropic resistivity and findings so far in iron-based superconductors have supported the spin-fluctuations scenario [4, 5] . Understanding the dominant electronic interactions is of great importance, for they could determine the symmetry and properties of the superconducting state [2] .
With a superconducting transition of T c ∼ 9 K, FeSe is a special case amongst Fe-based superconductors, since it undergoes a structural transition at T s ∼ 87 K but does not order magnetically at any temperature. It has also attracted a lot of interest due to the strong increase in T c to 37 K under pressure [6] , the existence of high-T c intercalates of FeSe [7] and, that a monolayer of FeSe grown on SrTiO 3 could have its superconducting transition temperature in excess of 100 K [8] . The availability of high quality bulk crystals, grown using chemical vapour transport [9] , have recently re-opened investigations into the electronic properties of FeSe. ARPES has found evidence of a large band splitting caused by orbital ordering below the structural transition [10, 11] but the resolution of the available data cannot clarify the changes that occur at the Fermi level. Moreover, quantum oscillation experiments at low temperatures have detected an unusually small Fermi surface [12, 13] . As magnetic fluctuations are detected only below the structural transition in FeSe, it is expected that they are not the driving force for this transition [14, 15] . Thus, the nature of the structural transition in FeSe is rather unusual and how the electronic structure is stabilized by breaking of the rotational symmetry could be the key to understanding its superconductivity and how it can be further enhanced.
In this paper we explore the electronic structure of FeSe by using high-resolution ARPES, quantum oscillations and elastoresistivity measurements on the same batch of high-quality FeSe single crystals. These techniques provide a comprehensive picture of the evolution of the electronic structure of FeSe from the high-temperature tetragonal phase through the fourfold-symmetry-breaking structural transition at T s and into the electronic nematic phase. We observe strong in-plane d-wave like deformation of the Fermi surface from four-fold to two-fold symmetry as a result of band splitting with d xz and d yz character. A direct manifestation of a nematic Fermi surface of FeSe, is the significant increase in the nematic susceptibility measured by elastoresistance measurements when approaching T s , not emerging due to anisotropic magnetic fluctuations but being driven by the orbital/charge degrees of freedom. The low temperature Fermi surface, based on our high resolution data from ARPES and quantum oscillations, consist of an in-plane distorted quasi-two dimensional hole band and two electron bands; the inner electron pocket is extremely elongated and quasi-two dimensional, whereas the outer electron band, with predominantly d xy character, is not detected by ARPES but is present in quantum oscillations. The hightemperature bands have orbital dependent band renormalisation, with respect to band structure calculations, due to manybody interactions, which are particularly significant for the d xy band; this leads to a significant shrinkage of the Fermi surfaces (a factor of ∼5, compared with calculations). Our measurements also detect the band splitting induced by spinorbit coupling (∼ 20 meV at the Γ point).
Experimental details Samples were grown by the KCl/AlCl 3 chemical vapour transport method. Magnetotransport measurements were performed as function of in-situ rotation in high magnetic field up to 33 T at HFML in Nijmegen, using an excitation current of 0.8 mA. Good electrical contacts were achieved by using In solder. Quantum oscillations were observed in more than three samples with good agreement. ARPES measurements were performed at the I05 beamline of Diamond Light Source, UK. Single crystal samples were cleaved in-situ in a vacuum lower than 2×10 −10 mbar and measured at temperatures ranging from 6-120 K. Measurements were performed using linearly-polarised synchrotron light from 20-120 eV and employing Scienta R4000 hemispherical electron energy analyser with an angular resolution of 0.2-0.5 deg and an energy resolution of 3 meV. Elastoresistance measurements were performed by measuring the in-plane anisotropic transport properties while straining the crystals along the [110] direction in the tetragonal phase, by applying a voltage to a piezoelectric stack, similar to those discussed in Ref. [5] and detailed in SM. Band structure calculations were performed using the experimental crystal structure of FeSe in Wien2k using the GGA approximation with spin-orbit coupling included. Since FeSe does not show magnetic order, ARPES spectra are compared to non-spinpolarized band structure, with the relaxed lattice parameters, a = 3.7651Å, c = 5.5178Å, z Se = 0.24128 [16] .
Temperature dependence of the hole bands. Fig. 1a shows the calculated Fermi surface of FeSe in the tetragonal paramagnetic phase, which consists of three hole pockets (α, β and γ) around the Brillouin zone center (Γ) and two electron-like pockets (δ and ), similar to other reports [17] . The bands which cross the Fermi level have mainly d xz , d yz and d xy character (Fig.1a and b) . Due to the matrix elements effects in ARPES experiments the light polarization and the scattering geometry allows us to select mainly either d xz or d yz bands using LH (p) or LV (s)-polarization, respectively, and to identify the orbital character of the measured bands, as shown in Supplementary Material (SM) and detailed in Ref. 18 . Fig. 1d-f show the evolution of the hole bands by performing high-symmetry cuts, either through M-Γ-M (k z = 0) or A-Z-A (k z = π/c), as shown in Fig. 1c-f as a function of temperature. In the high-temperature tetragonal phase with preserved C 4 rotational symmetry, both α and β bands cross the Fermi level at the Z point, as shown by the Fermi-level momentum distribution curves (MDCs) at 120 K in Fig.1i Photon Energy (eV) degeneracy between the α and β bands is lifted by the spinorbit coupling [19] which we can directly estimate from our data as being ∆ SO ∼ 20 meV, similar to results reported for LiFeAs [20] . On lowering the temperature below the structural transition at T s ∼ 87 K (Fig.1f) , the β band at Z is pushed below the Fermi level, as shown in Fig. 1 . About 50 meV below the Fermi level we also detect the presence of a broad band that is the d xy band, γ, in Fig. 1g , having weaker intensity due to matrix elements and being shifted significantly in relation to the band structure calculations for the tetragonal structure in Fig. 1b . The effect of the loss of C 4 rotational symmetry through the structural transition from tetragonal to orthorhombic symmetry at T s is clearly observed in the detailed Fermi surface map at the Z point, showing that the α pocket elongates to become elliptical, shown in Fig.1h and j. Due to the natural twinning of the samples, however, we observe two ellipses (in Fig.1h ) rotated 90
• with respect to each other. The k z dependence can be determined by measuring the Fermi-level MDC as a function of incident photon energy, shown in Fig. 1k ; we detect a quasi-two dimensional shape for the α hole pocket, the only hole band that crosses the Fermi level at low temperature. The experimental area for the hole bands, A k at 120 K is strongly reduced by a factor 5, as compared with band structure calculations in the tetragonal phase (see SM) and we will later discuss the consistency with our quantum oscillations results at low temperatures (see Table 1 in SM).
The effect of electronic correlations can be estimated by comparing band structure calculations with the band dispersion in the tetragonal phase at 120 K, as shown in Fig. 1g . The obtained band renormalisation factors for FeSe are ∼ 3.2, 2.1 and 8 for the α,β and γ pockets respectively -suggesting particularly strong orbital-dependent electronic correlations on the γ band with d xy orbital character. These values are close to those reported for FeSe in Ref. [17] , whereas in the case of FeSe x Te 1−x , the band-selective renormalization varies strongly with values between 1 and 17 [21] , the significantly higher value being assigned to the d xy band. Band structure calculations including correlations (DMFT) on FeSe [22] give band renormalisations of ∼2.8 for the d xz/yz orbitals, comparable to the measured values, whereas the predicted value of ∼3.5 for the d xy band is smaller than in experiments.
Temperature dependence of the electron-like bands. We now focus on the temperature dependence of the electronlike bands in FeSe shown in Fig. 2a , visualizing the dramatic changes occurring through the structural transition. In the high-temperature tetragonal phase of FeSe, band structure calculations predict two cylindrical electron pockets, as shown in Fig. 1a and Fig. 2b . The outer electron-like band (labelled δ) has a dominant d xy character whereas the inner electron band (labelled ) has d xz/yz orbital character. At high temperatures (120 K), the inner d xz/yz band has a strong intensity at the M point, where bands disperse both along and perpendicular to the cut direction and are four-fold degenerate, as shown in Fig.2a . However, a combination of low intensity caused by matrix element effects for the d xy orbital [18] , as well as broadening due to either impurity scattering [23] or strong correlations may cause band incoherence [22, 24] and difficulty to observe the d xy band in ARPES at the M point [11, 25, 26] .
Following the temperature dependence of the inner electron bands with d xz/yz orbital character, in the experimental Γ-M-Γ cut (cut 2 in Fig.1a) , the band crossing the Fermi level would have d yz character, whereas the downwards dispersing band from the M point would have d xz character (see Fig. 2c ). Below the structural transition which breaks the C 4 rotational symmetry, we observe a large band splitting which can only occur if the d xz/yz degeneracy is broken and the d xz and d yz orbitals develop an unequal occupation. As a result, the d yz band moves up ( 1 in Fig. 2d) , and the d xz band moves down (solid lines), but for the other structural domain the opposite occurs, the d xz band moves up and the d yz ( 2 ) moves down indicated by the dashed lines in Fig. 2d and further detailed in SM (x and y are defined in the experimental coordinate frame). This picture is consistent with that suggested from ARPES studies on detwinned crystals of FeSe [11] , but the high resolution of our data allows us to detect the precise changes in the Fermi surface across the transition. The large band splitting of ∼ 50 meV at the M point at 10 K (Fig. 2e) indicates the lifting of of d xz and d yz degeneracy in FeSe. This was also observed in NaFeAs and BaFe 2 As 2 over a very limited temperature range between the structural transition and magnetic transition, [18, [27] [28] [29] . In FeSe, this dramatic energetic shift observed below T s is much larger than that expected from a simple structural orthorhombic distortion of 2 × 10 −3 ((a − b)/(a + b)), which would cause a 17 meV shift in the absence of the renormalization effects (see SM). At the Fermi level, the resulting electron pocket is strongly elongated, with a k F (y) ≈ 0.02Å −1 and k F (x) ≈ 0.14 A −1 . However, due to twinning, the Fermi surface consists of two ellipses at 90
• to each other, resulting in a cross-shaped Fermi surface (Fig. 2f) , similar to the hole pocket. The degree of Fermi surface distortion is measured by the temperature dependence of k F , and the ellipticity k F (y)(ε 1 ), shown in Fig. 4l , is suggestive of an order parameter of a second order phase transition at T s . Thus, the observed experimental elongation of both the electron and hole pockets at low temperatures in FeSe can be thought of as a consequence of the electronic anisotropy induced by orbital ordering in the presence of interactions. Another possible scenario for this behaviour can be thought as a Pomeranchuk instability [30] that results in the spontaneous deformation of the Fermi surface from a four-fold symmetric almost circular shape at high temperature to an elliptical shape at low temperatures. In either cases, this electronically-induced Fermi surface deformation is also supported by the small specific heat jump at T s compatible with an electronic contribution [9] .
Comparison with quantum oscillations. In order to provide a complete and consistent picture of the Fermi surface of FeSe, we have also measured quantum oscillations in samples from the same batch used in the ARPES experiments. Quan- Binding Energy (meV) tum oscillations are a powerful technique that allows precise determination of cross-sectional areas of the Fermi surface and the corresponding orbitally-averaged quasiparticle masses but it usually needs to rely on band structure or ARPES to provide the exact k-space location of these orbits. Magnetotransport measurements are performed in the normal state of FeSe at very low temperatures and high magnetic fields, as shown in Fig. 3a . The oscillatory signal, periodic in 1/B, is made clear by subtracting a high order polynomial from the raw data in Fig. 3b . The fast Fourier transform of ρ osc shown in Fig. 3c , identifies four different quantum oscillation frequencies, labelled F 1−4 in ascending order, that are directly linked to the extremal areas on the Fermi surface by the Onsager relation, F i = A ki /(2πe), for a particular field orientation. All frequencies are lower than 1 kT in agreement with previous reports [12, 13] . This is smaller than the frequencies of other iron-based superconductors that do not show any Fermi surface reconstruction, such as LaFePO [31] or LiFeAs [32] . Band structure calculations predict the existence of five different quasi-two dimensional cylinders with sizes (1-2.6 kT), much larger than those found in experiments (below 1 kT) (see SM). The angular dependence of these frequencies also suggest a quasi-two dimensional nature of these bands (see that the angular dependence of frequencies varies almost like 1/ cos θ in Fig.3f) , and previous studies have suggested that at low temperatures FeSe has either only quasi-two dimensional electron bands or electron and hole bands [12] .
The cyclotron-averaged effective masses of the quasiparticles, extracted from the temperature-dependence of the quantum oscillations amplitudes (Fig.3d) for each orbit, are listed in Table 1 in SM). We find a reasonably good agreement between the values of the effective masses for our different samples with those reported previously in Ref. 12 and 13. The F 2 and F 4 orbits have similar effective masses of around 4 m e , which may indicate that they originate from the same band, but with different k z -values, as in the case of a corrugated quasi-two dimensional band, whereas the F 3 orbit has a particularly heavy effective mass of ∼ 7(1) m e , in agreement with other reports [12] . However, in the case of the F 1 pocket there is a variation of the quasiparticle masses between 0.7 (2) [13] to 3(1) m e . The strong disparity between the lighter masses F 1 and the heavier masses of F 4 points towards different band origin for these orbits at the Fermi level.
Next, we compare the absolute size of the different k values at the Fermi level extracted from ARPES with those from quantum oscillations ( Table 1 in SM) . At low temperatures, ARPES detects a single quasi-two dimensional hole band (see Fig. 1k ) along the Γ(Z) direction, which has a two-fold symmetry, with a maximum area around Z and minimum around Γ, and a small carrier density of 2.53×10 20 cm −3 . Similarly, ARPES gives clear indication of the presence of an electronband centered at M which is a strongly elongated cylinder, but it is lacking the information concerning the behaviour of the outer electron-like d xy band crossing the Fermi level, which may be present according to band structure calculations. Since ARPES data suggest that there is only one hole pocket but possibly more than one electron pocket, the largest maximum orbit observed in quantum oscillations, F 4 , must corresponds to the hole pocket in order to maintain charge balance in the system; thus two quantum oscillation frequencies with similar effective masses, F 2 and F 4 , belong to this quasi-two dimensional hole band, in close agreement with the size of this quasi-two dimensional band detected from ARPES (Fig.1k) . Furthermore, the F 3 frequency in quantum oscillations has a substantially larger effective mass than all the other frequencies, which is of similar value to the band renormalization found in the ARPES experiments for the d xy band (γ in Fig.1g) , suggesting that the outer electron pocket that is detected in quantum oscillations but not in ARPES has d xy character. The inner elongated electron band from ARPES (with areas smaller than 100 T), can be assigned to the F 1 frequencies, as this band is almost two-dimensional (as in seen at the A-point in Fig.1 in SM) . Thus, by combining the knowledge about the sizes and quasiparticle masses from the ARPES and quantum oscillations data, we suggest that bulk FeSe at low temperatures has one hole and two-electron bands, as represented schematically in Fig.4 . There are some small discrepancies in the absolute values of the cross section areas extracted from ARPES and quantum oscillations, but these could be caused by field-induced Fermi surface effects in quantum oscillations or possible surface effects in ARPES. This interpretation is also consistent with the three-band description of a recent magnetotransport study on FeSe [33] , in which a very small high mobility carrier was also detected, in agreement with the size of small electron band from our ARPES data. It is important to note that our measured electronic structure of bulk FeSe is similar to that of multilayers of FeSe on SrTiO 3 , in which the splitting of bands at the M point was wrongly assigned to a possible formation of a spin-density wave [26] . However, the FeSe monolayer is rather different and its electronic and high T c superconducting state was suggested to be influenced by the SrTiO 3 substrate [34] .
One important finding from our the experimental studies of the electronic structure of FeSe is that the band structure calculations significantly overestimate the size of the Fermi surface of FeSe, even in the tetragonal phase. Shrinking of Fermi surfaces in other iron-based superconductors has been assigned to the interband coupling to a bosonic mode in LaFePO, [35] , and/or the strength of the antiferromagnetic correlations close to a quantum critical point in BaFe 2 (As 1−x P x ) 2 [36] . It is clear that in FeSe, the significant shrinking of the Fermi surface, combined with the strong renormalization effects both in ARPES and quantum oscillations as evidenced by the relatively large effective masses of 4-8 m e and the orbital-dependent correlations (largest for the d xy band) suggest that the electronic correlations significantly affect the electronic structure of FeSe.
The nematic susceptibility of FeSe. A clear manifestation of a nematic Fermi surface is its strong in-plane anisotropy in transport properties and sensitivity to external parameters, in particular in-plane strain. The resistivity anisotropy is determined by both the electronic structure and the scattering, and the expected Fermi surface deformation give rise naturally to anisotropic electronic properties, whereas the spin-nematic ordering leads to an anisotropy of the electron scattering [4] . Fig.4k shows the induced change in resistivity to in-plane strain measured by the 2m 66 parameter from elastoresis- tance tensor in FeSe, which provides a direct measure of the electronic nematic order parameter, as detailed in Fig.SM5 and in Ref. 5 . We observe a large increase in 2m 66 approaching T s , similar to large divergent behaviour observed in Ba(Fe/Co) 2 As 2 [5, 37] , but of even larger magnitude. The data on FeSe can be well-described by a fit to the function 2m 66 = A/(T − T * ) + A 0 , which gives T * = 66(1) K and A 0 =-31(3) (solid line in Fig.4k) . Recently, nematic susceptibility measurements of the elastic shear modulus, which probe the lattice response to strain, suggest that the structural transition in FeSe is accompanied by a large shear-modulus softening, identical to that of underdoped Ba(Fe,Co) 2 As 2 , implying a very similar strength of the electron-lattice coupling, which is much smaller than the electronic response [14] .
The sign of m 66 is also opposite to what is found in the electron-doped pnictides, but similar to FeTe [18] , where it was suggested that the resistance along the a (AFM) direction is larger than that along b axis (FM direction) [18] . However, a small sign-change of the in-plane anisotropy was also found for highly hole doped (Ba/K)Fe 2 As 2 [38] . This may suggest that the positive sign of m 66 may be either a general feature of chalcogenides, as opposed to most of the pnictides, or it is also possible that the development of the anisotropic properties in all these systems may be driven by a different mechanism.
Below the structural transition, T s , the behaviour of m 66 is rather striking, having an almost linear temperature dependence with no sign of saturation, as the degree of ellipticity grows larger (see Fig.4l) ; it changes sign around 65 K, which, coincidentally, is the same scale as the value of T * determined earlier. While the interpretation of nematic susceptibility below T s may be difficult due to domain formation and the fact that the nematic order parameter now takes a finite value, we suggest that one possible explanation for this crossover may be linked to the development of anisotropic scattering from spin-fluctuation, which become strong below T s [14, 15] . Sign-change of the in-plane anisotropy has been found between the electron and hole-doped BaFe 2 As 2 [38] , being assigned to differences in the spin fluctuations scattering rates corresponding to different Fermi velocities at the hotspots for electron-and hole-doped systems [38, 39] . Magnetotransport studies in FeSe also suggest that anisotropic scattering may develop below T s [33] .
As the size of our measured nematic susceptibility is much larger than the response of the lattice [14] , we suggest that the structural transition in FeSe is electronically driven and is an instability of the electronic structure which breaks tetragonal symmetry, with the lattice orthorhombicity simply responding to these electronic changes. Furthermore, the absence of spinfluctuations above T s indicates that the structural transition in FeSe is not magnetically-driven [14, 15] . Thus, our resistivity anisotropy measurements favor an orbital/charge ordering scenario, which show a strong splitting of the bands with d xz and d yz orbital character, (Fig.2 and summarized in Fig.4m ) and it is likely responsible for the in-plane Fermi surface deformation which give rise to significant anisotropy in the inplane electronic structure.
While the orbital ordering scenario is a likely contender to explain the existing data on FeSe, the Fermi surface deformation and its relatively constant volume conservation (small changes occur due to the temperature dependence of the lattice parameters) bears the similarities of a d-wave Pomeranchuck instability. An isotropic Fermi liquid in the presence of sufficiently strong interactions was predicted by Pomeranchuk to be unstable [30] and as a signature of this instability the Fermi surface would spontaneously deform, changing its shape or topology to lower its energy and break the rotational symmetry, similar to what is observed in FeSe at the Fermi level. The two scenarios are likely to generate different kinds of pairing interactions either at finite momentum [40] or at zero momentum [41] and future theoretical work will need to address these issues.
In summary, we report a comprehensive study of the development of the nematic phase in FeSe. The Fermi surface of FeSe undergoes a spontaneous distortion from fourfoldsymmetric to two-fold symmetric elliptical pockets. The symmetry breaking arises from the electronic degrees of freedom and, in the absence of magnetism, it is likely to be caused by orbital ordering in the presence of strong interactions. The elongated Fermi surface causes strongly anisotropic electronic properties and enhanced nematic suceptibility. This nematic electronic phase is that from which superconductivity emerges, which is suggested to have a two-fold gap symmetry [42] . While interactions favoring orbital ordering dominate near T s , magnetic fluctuations grow towards T c , and may still assist the superconducting pairing. Moreover, the existence of a relatively flat hole band just below the Fermi level at the M point raises the question if whether the presence of van Hove singularities could also play a role in pairing. Given the observed small and strongly anisotropic Fermi surfaces with low carrier densities, it is perhaps not surprising that the physical properties, including the superconducting and structural transitions are susceptible to external parameters (e.g. pressure, strain, doping) so that controlling these one could turn FeSe into a high-temperature superconductor.
